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Abstract

The structural and electrochemical properties of graphitic materials precipitated from supersaturated solutions of carbon in pig iron
melts were investigated. Doping of the graphite with boron was accomplished by adding ferroboron to the iron melt. X-ray diffraction
patterns showed that all the products were highly crystalline graphites, and that doping with boron generally reduced thed0 0 2values, which
indicated that boron was incorporated in the hexagonal graphite matrix. Boron incorporation also led to a break in the local symmetry of
the graphitic structure, as evidenced by the evolution of the D-band of the Raman spectra with an increase in the boron content. Scanning
electron micrographs revealed the presence of nanocarbon structures on the surface of the graphites. The first-cycle capacity of the graphites
was found to increase as the boron content was increased. However, the capacities of the boron-free and 60 ppm boron-doped materials
abruptly increased in the second cycle, while the capacity of the 300 ppm boron-doped graphite remained fairly steady. All the graphites
cycled well. The boron-free, 60 ppm boron-doped and the 300 ppm boron-doped graphites, sustained 198, 203 and 180 cycles, respectively,
before reaching a charge retention level of 80%.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

In the last two decades, numerous carbonaceous materi-
als, both natural and synthetic, have been examined for their
lithium intercalation properties for possible application as
anodes in lithium-ion batteries. Several of these carbons have
a disordered structure, often containing substantial amounts
of hydrogen, and have demonstrated lithium insertion ca-
pacities much larger than the 372 mAh g−1 theoretically
possible with perfectly graphitic structures. However, their
applicability in practical cells is limited by large hys-
teresis in their charge–discharge profiles[1–3] (for
hydrogen-containing carbons), and high irreversible capac-
ities [1,4,5] even after several cycles[6,7]. On the other
hand, graphitic carbons have only moderately high lithium
storage capacities. However, their relatively flat potential
profiles near the redox potential of the Li+/Li couple, good
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reversibility for the lithium intercalation process, safety,
non-toxicity and low cost make them attractive as lithium
insertion anode materials. Thus, much effort has been ex-
pended in the synthesis and evaluation of various carbons
with graphite-like characteristics.

Graphitic materials investigated have been either natural
or synthetic ones, often graphitized at high temperatures.
Although graphites have similar crystallographic struc-
tures, their electrochemical characteristics can be different
[8–10], depending on their surface texture, surface func-
tional groups, etc. The approaches adopted to improve the
capacity of graphitic carbons include synthesis of newer
varieties, surface treatment, and structural modification
by doping with nitrogen, phosphorus or boron. A dis-
advantage of these approaches is their energy-intensive
high-temperature processing, typically in the 2300–2800◦C
range[11]. Production of graphitic carbons with good layer
characteristics at temperatures below 2000◦C would be a
welcome development in anode material research. In this
work, we report the electrochemical properties of graphites
obtained by precipitation from a supersaturated solution of
carbon in a pig iron melt. The graphitization was effected at
1600◦C. The effect of boron as a dopant in the graphites on
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the electrochemical lithium intercalation properties is also
discussed.

2. Experimental

Graphitic carbon materials were prepared by catalytic
graphitization of carbon in iron melts, as described else-
where[12,13]. Briefly, the method involves the dissolution
of an amorphous carbon in a melt of pig iron at 1600◦C in a
reducing atmosphere to form a supersaturated solid solution
of the carbon which subsequently precipitated as graphite
when the melt is cooled. Doping with boron was done by
adding ferroboron to the melt. The precipitated graphite was
recovered by leaching the metallic constituents with 3 M HCl
for 24 h, washing them with double distilled water, and dry-
ing. The products obtained are designated as PG-X, where
PG stands for pig iron-derived graphite and X for the boron
content in the melt in ppm. It should be noted that boron in
the melt gets partitioned between the iron and carbon in the
melt, so that only a fraction of the boron from the ferroboron
will be incorporated in the graphite.

X-ray diffractograms of the graphites were recorded
on a Philips PW-1710 X-ray diffractometer fitted with a
nickel-filtered Cu K� radiation source between scattering
angles of 5◦ and 80◦ in steps of 0.05◦. A Perkin-Elmer
CHN-2000 elemental analyzer was used for the elemental
composition of the products. The typical sample weight for
elemental analysis was 3 mg. However, residual iron con-
tent in the graphitic product was determined by an ICP-MS
model PE-Sciex Elan 6100DRC. The surface morphology
of the graphites was examined by scanning electron mi-
croscopy (Hitachi S-4700I). Laser Raman spectroscopic
measurements were performed in the 1000–2000 cm−1

region with a laser radiation wavelength of 632.8 nm (Ren-
ishaw G-17868 Raman spectrophotometer). The Raman
results were fitted with Renishaw software.

The lithium intercalation–deintercalation properties of the
graphite materials were studied in 2032-type coin cells with
a lithium metal foil as the anode and a 1 M solution of
LiPF6 in a 1:1 (v/v) mixture of EC:DEC as the electrolyte.
Graphite electrodes for the coin cells were fabricated as
follows. The graphite powder was made into a slurry with
8% PVdF binder and 2% conducting carbon black additive
in NMP. The slurry was coated on a copper foil using the
doctor blade method. The coated foil was allowed to dry
at 120◦C in an oven for 90 min, and roller-pressed to im-
prove contact between the coated material and the current
collector. Circular discs were punched out from the coated
foil. Cell assembly was done in an argon-filled glove box
(VAC Model MO40-1), where the moisture and oxygen lev-
els were maintained below 2 ppm. Galvanostatic charging
and discharging of the cells were done at a 0.1 C rate be-
tween 3.0 and 0.05 V in a multi-channel battery tester (Mac-
cor Series-4000). Differential capacity plots were obtained
from charge–discharge profiles.

3. Results and discussion

3.1. Elemental analysis

The compositions of the graphites are furnished inTable 1.
It can be seen that the amount of iron retained in the samples
after the 24 h acid-leaching was in ppm levels. The H/C ra-
tios were about 0.1. The nitrogen in the samples is thought
to originate from the inert atmosphere over the melt. The un-
accounted part of the composition is attributed to unleached
constituents, such as silicon, present in the pig iron.

3.2. X-ray diffraction

The crystallization of amorphous carbon into graphite
when a supersaturated melt of carbon in iron is cooled has
been well documented[14–17]. The graphitization process
is believed to be due to either the G effect[16,17], a pro-
cess by which carbon dissolves in the iron and precipitates
out as graphite, or to the formation and decomposition of
carbide intermediates[15,17]. According to Oberlin and
Rouchy[15], melting a non-graphitic carbon with iron re-
sults in the formation of a composite of graphite and a
graphitizable phase. It is believed that an unstable phase
of iron carbide is formed, which subsequently decomposes
to yield iron globules surrounded by shell of graphitizable
carbon[15].

The X-ray diffraction patterns of the graphites (Fig. 1)
show sharp peaks, suggesting a high degree of crystallinity.
All the patterns show a strong peak at a 2θ value of around
26◦, corresponding to the (0 0 2) reflection. The reflections
corresponding to the otherh k l indices are comparatively
weak, and are shown in the insets. Diffraction peaks were
also observed around 2θ values of 13◦ and 17◦, which are
attributed to nanocarbon structures. In an earlier commu-
nication on graphite synthesized from cast iron melts[12],
we showed by a Rietveld analysis of the X-ray diffraction
data that the graphites contained as much as 4% by weight
fullerene molecules.

The interlayer spacing (d0 0 2) did not change between the
PG-0 and PG-60 graphites (Table 2), probably because the
doping level was too low. However, when the boron con-
centration was raised to 300 ppm, thed0 0 2 value dropped,
suggesting that boron was incorporated in the hexagonal
graphitic layers[18]. Substituting boron in carbons up to

Table 1
Elemental analytical data on the graphitic materials

Graphite type Elemental analysis

Fea C (%) H (%) N (%) H/C ratio

PG-0 9.63 92.40 0.78 0.56 0.10
PG-60 28.70 94.13 1.03 0.56 0.13
PG-300 14.90 94.42 0.60 1.08 0.08

a Analyzed by ICP-MS; concentration in ppm.
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Fig. 1. X-ray diffractograms of graphitic materials with different boron
concentrations: (a) PG-0; (b) PG-60; (c) PG-300. The peaks of the minor
indices are given in the insets.

Table 2
Interlayer spacing (d0 0 2, Å) as a function of the boron content

Boron content (ppm) Carbon layer spacing,d(0 0 2) (Å)

0 3.342
60 3.342

300 3.336

2.35 at.% has been shown to decrease thed0 0 2 spacing
[19,20]. Endo et al. [21] showed that boron doping of
mesophase pitch-based carbon fibers led to a more devel-
opedc-axis crystallite structure. The effect of boron sub-
stitution on thed0 0 2 value is supposed to be related to the
depleted�-electrons between the graphene layers, which
lead to a contraction in the interlayer distance. The lower
valency of boron in the structure is also believed to reduce
the�-electron density within the graphene layers[22,23].

3.3. Scanning electron microscopy

According to Wang et al.[24], the structural and mor-
phological characteristics of graphites produced by catalytic
graphitization depend on the nature of the precursors and the
thermal history. From the SEM images shown inFig. 2, it
can be seen that all the products had a flaky appearance. The
large flakes are as big as 5–8�m across. A large proportion
of small flaky crystallites were also present. Flakiness is a
characteristic of graphites precipitated from carbon-rich iron
melts[25,26]. If carbon atoms are assumed to be present as
interstitials in a matrix of liquid iron[27], molecular assem-
blies of carbon may be expected to form by strong bond-
ing in thea-direction according to the ‘chicken-wire’ model
[28]. The resulting hexagonal monolayers then bond in the
c-direction to give an intermediate three-dimensional lattice
of micro-column and wrinkled graphites, which eventually
transform into stiff flakes of graphite[29,30].

Fig. 3 shows the high-resolution SEM images of
PG-0, PG-60 and PG-300. In addition to the extensive
micro-flakiness, some filamentous structures were observed
in the SEM images of the graphites. The high-charge density
areas, seen as bright areas, indicate the presence of these
nanostructures. Rodriguez[31] reported that such structures
could be formed from hydrocarbons on metal substrates,
although some of the products required as much as 3000◦C
for their graphitization. The formation mechanism of fila-
mentous or tubular structures by rolling or wrapping planar
graphene layers is unclear, but it appears that they could be
generated by molecular addition in thec-direction. How-
ever, their growth potential is small[27], which explains
the limited formation of nanoscale structures.

3.4. Raman spectroscopy

Raman spectroscopy is a useful tool for the study of car-
bons because Raman spectral response is sensitive to the
microscopic structure of the carbon. Raman spectra of the
graphites are shown inFig. 4. Two bands can be seen in
all the spectra: one, the D-band around 1355 cm−1, and the
other, the G-band around 1580 cm−1. The G-band is an in-
herent Raman-active band for the ideal graphite structure,
corresponding to the E2g vibration mode[32], and ascribed
to the C–C stretching in the longitudinal symmetry axis of
the graphite plane[33,34]. The D-band, usually identified as
the A1g mode, is forbidden for the two-dimensional lattice



Y.H. Lee et al. / Materials Chemistry and Physics 82 (2003) 750–757 753

Fig. 2. Scanning electron micrographs of (a) PG-0, (b) PG-60 and (c)
PG-300 graphites.

of graphite according to selection rules, and is a subject of
controversy[35]. However, for graphite crystallites of finite
sizes, the A1g mode will become Raman-active[36]. This
band is assigned to defects on the boundary of the carbon
layers. For comparison, the Raman spectrum of the amor-
phous carbon employed in this study is also shown inFig. 4.
It can be seen that the broad D-band in the amorphous car-
bon became narrower and lower in intensity after graphiti-

Fig. 3. High-resolution scanning electron micrographs of (a) PG-0, (b)
PG-60 and (c) PG-300. The area from which (c) was zoomed is indicated
in (d). The nanostructures are indicated by the letter N.
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Fig. 4. Raman spectra of graphitic materials with different boron concen-
trations.

zation. The G-band also became sharper, indicating a high
degree of graphitization in the products.

An additional feature in the spectra of the boron-doped
samples is the 1620 cm−1 band, which corresponds to the
maximum phonon density of states. Boron in the graphite
lattice should be present as sp2 hybridized atoms. Both the
1355 and the 1620 cm−1 bands are associated with local
structural distortions, which must increase their intensity
as more boron is incorporated into the graphite structure.
Since the 1355 cm−1 band is ascribed to scattering from the
zone-boundary phonons, which becomes Raman-active be-

Table 4
Charge–discharge data for the different graphites for the first 10 cyclesa

C.N. PG-0 PG-60 PG-300

I.C. D.C. Ir.C. C.E. I.C. D.C. Ir.C. C.E. I.C. D.C. Ir.C. C.E.

1 405 300 105 74 425 303 122 71 462 365 97 79
2 411 394 17 96 395 379 16 96 376 364 12 97
5 399 391 8 98 382 377 5 99 371 363 8 98

10 395 392 3 99 377 374 3 99 363 360 3 99

a I.C.: intercalation capacity (mAh g−1); D.C.: deintercalation capacity (mAh g−1); Ir.C.: irreversible capacity (mAh g−1); C.E.: cycle efficiency (%);
C.N.: cycle number.

Table 3
Characteristic Raman shifts and the integrated intensity ratios of the D-
and G-bands for the various graphitic materials

Graphite type Characteristic peak (cm−1) ID/IG

PG-0 D 1362 0.31
G 1584

PG-60 D 1350 0.20
G 1570

PG-300 D 1360 0.24
G 1577

cause of a loss of translational symmetry[37,38], increased
boron doping should lead to symmetry breaking. This is ev-
ident fromFig. 4, which shows the evolution of these bands
as the boron content was increased to 60 and 300 ppm.

Table 3shows the positions of the characteristic Raman
bands and the integrated intensity ratios (ID/IG) of the
graphite samples. The integrated intensity ratio is a measure
of the orientation of the graphitic planes and the degree of
graphitization[21]. ID/IG values for the boron-containing
graphites are lower than that for the boron-free graphite,
suggesting that the incorporation of boron led to a higher
degree of graphitization. Boron substitution has been known
to catalyze the graphitization process[39–43]. The noise
in the spectra makes it difficult to draw more conclusions
from the data.

3.5. Electrochemical studies

The graphites synthesized by the catalytic graphitization
process were subjected to galvanostatic charge–discharge
studies. Results for the first 10 cycles are given inTable 4. It
can be seen that the first-cycle deintercalation capacities in-
creased from 300 and 303 mAh g−1 for PG-0 and PG-60, re-
spectively, to 365 mAh g−1 for PG-300. The lithium deinter-
calation capacities in the second cycle for PG-0 and PG-60
graphites jumped to 394 and 379 mAh g−1, respectively. The
higher capacity of the PG-300 graphite is in agreement with
the increased capacities reported with several boron-doped
carbons[44–48]. However, the capacity of PG-300 remained
fairly steady as the cycling proceeded, while those of PG-0
and PG-60 registered an abrupt jump in capacity from the
second cycle. Because pig iron is an impure form of iron
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obtained directly from the blast furnace, phases formed with
such impurities as silicon may perhaps influence the lithium
intercalation behavior of the graphitic products obtained
with this iron. It can be seen fromTable 4that the first-cycle
irreversible capacities of the graphites were 105, 122 and
97 mAh g−1, which are in the 21–29% bracket. This value is
considerably lower than commonly reported irreversible ca-
pacities. For example, Chang et al.[49] reported irreversible
capacities of 25–38% for mesocarbon microbeads graphi-
tized at 2400◦C.

3.5.1. Differential capacity plots
The intercalation of lithium into graphite occurs by a

staging mechanism[50,51], which can be discerned from
differential capacity plots. The differential capacity vs. volt-
age plots for the PG-0 and PG-300 graphites are shown in
Fig. 5. The differential capacity plots were derived from
the second cycle data of the galvanostatic charge–discharge
experiments. As can be seen fromFig. 5(a), which shows
the differential capacity plot of PG-0, there are three
well-defined peak potentials during lithium intercalation
(charging of graphite) at 0.23, 0.15 and 0.11 V. During the
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Fig. 5. Differential capacity vs. voltage plots for (a) PG-0 and (b) PG-300
graphites.

lithium deintercalation process, the peaks were observed at
0.06, 0.12 and 0.20 V. This shows that all the electrochem-
ical events contributing to capacity occurred below 0.25 V.
Above 0.25 V, there was no contribution to capacity. Simi-
larly, as can be seen fromFig. 5(b), all the processes corre-
sponding to the intercalation and deintercalation of lithium
occur at potentials below 0.25 V vs. Li+/Li for PG-300 too.
Based on the potentials at which the peaks appear, the fol-
lowing stages can be ascribed[50,51]. The cathodic region
up to around 0.20 V: dilute phase I to the fourth stage; the
region between 0.20 and 0.09 V: fourth to the third stage,
followed by the third to the second stage; and finally the
region at more negative potentials: second to the first stage.
In a similar study of boron-doped mesophase pitch carbon
fiber, cyclic voltammetry showed peaks in the positive scan
at 0.2, 0.1 and 0.05 V, whereas the peaks in the negative
scan were observed at 0.12, 0.15 and 0.22 V[21].

3.5.2. Cycling performance
We have already noted that an increase in boron con-

tent to 300 ppm significantly increased the first-cycle capac-
ity of the graphite (Table 4). It can be seen fromFig. 6
that as cycling proceeded, the capacity of the boron-free
and 60 ppm boron-doped graphites generally increased, and
even remained steady at values above 372 mAh g−1. A cu-
rious aspect of the cycling behavior of these graphites is
a general rise in their capacity towards the end of their
cycle-lives. Although we are unable to explain this pattern,
it must be pointed out that the rise in capacity can serve
as an end-of-life indication for cells that incorporate such
anode materials. The increase is very pronounced in the
case of PG-0, which delivered the maximum capacity of
454 mAh g−1. Moreover, PG-0 and PG-60 gave consistently
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Fig. 6. Cycling behavior of PG-0, PG-60 and PG-300 graphites.
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higher capacities than the 372 mAh g−1 theoretically obtain-
able from perfectly graphitic structures.Fig. 6 shows that
for an 80% cut-off value for charge retention, based on the
second-cycle capacity for PG-0 and PG-60 and the first-cycle
capacity for PG-300, the number of cycles sustained were
198, 203 and 180, respectively, for the PG-0, PG-60 and
PG-300 samples. It can be seen fromFig. 6that although all
the graphites consistently delivered high capacities over ex-
tended cycles, their capacities fell precipitously beyond the
80% capacity retention cut-off. Thus, the useful life of the
graphites is restricted to the first 20% of their capacity. At
greater depths of capacity retention, a rapid failure mecha-
nism seems to set in. The fact that the capacity fade is not
gradual suggests that the failure mode is not only suddenly
triggered, but its action is rapid. Further experimentation is
required to decipher this aspect of the cycling profiles.

The unusually high capacity of PG-0 deserves special
attention. The X-ray diffraction studies showed no evidence
of any amorphous phase. Therefore, any contribution from
turbostratically disordered structures presenting additional
lithium accommodation sites is discounted. Hydrogen con-
tent of the carbons is another factor contributing to capac-
ities well above the theoretical value. The H/C ratio of this
graphite was 0.10 (Table 1), which is not low for a carbon
derived at temperatures as high as 1600◦C. However, this
value is not large enough either to account for the ‘excess’
lithium capacity. The hydrogen is believed to ‘saturate’ the
dangling bonds on the edge carbons of graphene fragments
[52]. Papanek et al.[52] have shown by ab initio calcula-
tions that the energy required for lithium intercalation or for
lithium to bind to these hydrogen-saturated sites is not very
different. Thus, lithium intercalation and lithium binding to
hydrogen-saturated carbons must occur at similar potentials,
contributing to the excess lithium capacity. Another possible
explanation for the increased lithium intercalation capacity
is the presence of nanotubular structures, albeit in small
amounts, on the surface of the catalytically graphitized ma-
terials [12]. Carbon nanotubes have been shown to yield
lithium insertion capacities of as much as 1400 mAh g−1

[53–56]. We have seen from our SEM studies that the
graphites have filamentous nanostructures on them. Thus,
we believe that the ‘excess’ capacity in these graphites arises
from these nanostructures, which, owing to their high spe-
cific charges, can contribute significantly to the capacity even
though their concentrations are small. Further work is re-
quired to quantify the contribution of these nanotubular car-
bon structures to the capacity improvement of the graphites.

4. Conclusions

Electrochemical lithium intercalation properties of
crystalline graphitic materials, prepared by the catalytic
graphitization method in melts of pig iron were studied. The
formation of highly crystalline graphites was realized at
temperatures as low as 1600◦C. The X-ray diffractograms

showed that thed0 0 2 values of PG-0 and PG-60 samples
were the same but were lower for the PG-300 graphite, which
shows that boron was incorporated in the hexagonal graphite
matrix. Boron incorporation also led to a breaking of the lo-
cal symmetry of the graphitic structure, as evidenced by the
evolution of the D-band of the Raman spectra with an in-
crease in the boron content. Although the boron-containing
graphites showed higher first-cycle capacities, the pres-
ence of the dopant seemed to be slightly pejorative to the
long-cycling performance of the graphites. All the graphites
sustained nearly 200 charge–discharge cycles and had
first-cycle irreversible capacities of 21–28%. The consis-
tently high capacities above the 372 mAh g−1 mark obtained
with these graphites are ascribed to nanocarbon structures
that were formed during the catalytic graphitization process.
In general, the graphites showed a hump in their capacity
vs. cycle number curves, which could serve as an end-of-life
indicator for cells that use them as anode materials.
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